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TSCBNICAL KSHORASOUk SO. SIO- 

TEE "MAGFJS EFFECT, " TEE PHIKCIPLE OF -^VUl FLExTSSR ROTOR. ♦ 

By A' Bets. 

It is iodeud possible, by sieans ox the theory o:r the "ideal 
fluid" to aake a fairly thr.rougb iixvestii^tion of the action of 
currents produci^:^ a lifting force. The question of the origin 
of such currents and the cause of the resistance or d«ag can, 
however, be saticfaotorily answered only by cieanc of Frandtl's 
"theory of marginal layers- ■ The latter tneory is also able to 
explain the "Hatmus effect," the nature of which was so thorou^i- 
ly investigated at the Gqttingen Aerodynamic Experisental Insti- 
tute, that Flettner :ias straightaway able to utili:;e t'-^ results 
obtained at oSttirgon for the propulsion of ^ps. 

Theoretical Section* 

Thanks to the successful trial runs oi the Flettner Rotor 
ship "Buclcau," a hydrodynaoic phenomenon, chich, under the name 
of "Magnus effect,^ has boen known for a long time, has suddezily 
acquired practical importance* Since this phenomenon has not 
been much discussed in scientific literature and has sometimes 
been incorrectly present «id, it may not be amiss to state the 
facts clearly in the present article* 

A short but very able description, of recent date, is con- 

• From "Zeitschrift des Voreines deutscher Inzenieurc," 'January 3 
1325, pp. 9-14. 
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♦ained in Fottinger's Icct^Jrc, "Kcw Basic Principles for the 
Treatment of the Propeller Problem" in "Jahrbuch der Sctiffbau- 
tcchniEchea Gesellschaft," 1910, p. 53 Laiiccester ^Ivcs anoth- 
er gDOd dercription in " Aerodynamics," p. 36. Leipzig, 1909, 
5- G. Tcu'oner. An essay by Prardtl will appear shortly in ^Katur- 
TTif sense baft cr." and a popular description by Ackeret will be is- 
sued by TsLEden^ek and Ruprocht of Gottingcn. 

I TOuld like to nontion at the outset, that the "Kagmis ef-r 
feet" is not by any aea^^j easy to "ondcrstand, since the necessary 
basis, Prandtl's "theory of asarginal l-iycrs," ie very little 
Icnovn, althou^ it has been twenty years vn exist p-nce. 

The phenomenon of the llagms effect conrists in the fact 
that a revolving body moving relatively to the surrounding fluid 
(air) is subjected hot only to drag (i.e., a force ao»ing in a 
direction opposite to that c.f the diroction of notion), but also 
to a lift, that is to say, a force acting at right ^gles to the 
c^rection of motion. The lift is directed toward the side where ^ 
the relative velocity between the fluid and the surface of the 
revolving ocdy is Suallest, that is, the side where the periph- 
eral motion, due to rotation, is in the diroction of flow of the <^ 
fluid (i.e., the air), as illustrated in Fig. 1, in which in^ 
dicates the smgular velocity, v the forward velocity of the re- 
volving body, w the drag, and A the lif „. 

Apart from the experiments of Ma^piius, the effect ms con- 
stantly noticed in the form of the deviation of artillery pro- 
jectiles fror. their true trajectory. In fact, it was this phe- 
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nomenon wliich led ]Cagnu8 to investigate tbe problcD* It vae aXuo 
noticed in the stran^ly curved trajectory of tennis and other 
tallB used in gajncs (Fig. 2). . (See Lord Raylolgh' s paper: "On 
the Irregular Flight of. a Tennis Ball," - "Scientific papers," 
Vol. I, p. 344.) 

Before endeavor to explain hov the Magnus effect is pro- 
duced, it will be well to IooIl a little ssore closely into the 
terms "lift" and "drag" and the causes producing these forces* 
If we fflove a body (Fig* 1) with a velocity of v, we isust, in 
order to cvercome the drag W, produce, {svery second, a power 
equal to Ifv. The lift A, on the other hand, cr.lls for no ex- 
penditure of energy, since it is at right angles to v. In an 
"ideal fluid," in which there is no loss of energy, a body moving 
at a uniform rate would meet with no resistance, but there would 
probably be a lifting force* In jjovesti gating the procesr con- 
nected with this lifting force in general, we can^ therefor e, 
base our inquiries on the processes in an ideal fluid (i*e*, a 
fluid which, in flowing, loses none of its power). In this way, 
we Isarn a great deal about the connectjon between the flow and 
the lift, but the question as to how and why, in a given case, 
*.his particular flow should be connected with the lift produced, 
still remains unsjiswered* 

In the case of an airplane having normal wings with a sharp 
trailing edge, knowing, as we do, that the fluid docs iiot flow 
around sharp edges, wc can say something about the lift to be ex- 
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pected. But, since the reason why the liquid does no-k flov? around 
snarp edges is as yet not clearly loiomiy this iflethod of reasoning 
fails, when the edjre is not sharp, t«.t irore or less round 3d. 

To enable us tc follow the discussion in the present essay 
more clearly, lot us briefly. exaaine the processes goin^ on in 
ideal fluids, the so-ceilod "pctential flow," and then inquire 
into the aore complex causes of drag and lift, as explained hy 
Prandtl»s thstory. 

For a body to be oubjected to a lift, it is necessary that 

there should be, on an averag^:, a higher pressure on the lower 

side than on the upper. Icasmch, however, as the pressure p 

and the velocity v are connected with each other by the rela- 
p 3 

Eion p + o ■'^ = constant (known as Bernoulli's equation, in 
which . p denotes the density of the fluid) , if there is a lift 
at all, then the velocity naist be, on an average, greater adove 
than below. Following up this line of reasoning, we find, that 
the best plan is to taike the circulation T as the standard for 
this difference in velocity, which we arrive at as follows: 
After drawing the line s (Fig. 3), around the moving 
body, we assume that the velocity at a certain i)oint of s is 
V and th^t the component of v, touching this point in the di- 
rection of the tangent to s, is Then tlie circulation is 

r - / d s, 

0 

whereby the integral ^/ is to be coiitinuod clear around the c 
line. For the lift A, we then get the siciple equation (Kutta- 
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^hutowsky formula) A = P v Fi . Here again p is the density 
of the fluid; v, the velocity at a great distance froa the 
body; and I , the length of tlic body at right angles to the 
plane of the drawing. The circulation is assumed as constant 
throughout the whole length. 

Tie can iaagine a current with a- lift, as being composed of 
two cotions Tfithout lift. In one of them the circulation T is 
0, but there ie the velocity V relative to the body at a great 
distance from it (Fig. 4). In the o-^hei, however, there is only 
a circulation current P, but no forward velocity e (Fig. 5). 
Both currents arc possible as potential motions. Now, if we 
superpose the ti?o currents, i.e. if, at every point, we combine 
the two velocities "rectorially (like forces in a parallelogram 
of forces), wc then once more get a potential motion, composed 
of the circulation P of one motion and the forward velocity T 
of the other, resulting in a lift (Fig. 6), 

The introduction of the term "circulation" is very useful, 
ao an aid to the understanding of the connection between the 
course of the flow and the lift, but it does not answer the ques- 
tion as to how this lift is produced. Ultimately it reduces to 
the question as to how the "circulation" iS'produced. Neverthe- 
less this method can advancti us a little. If the fluid (i.e., 
in this case, the air) and the body are both at rest, it is 
clear tnat the circulation mast be 0, since, of course, the 
velocity throughout the entire length of s is 0. Then, if we 
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set the body in notion, the state oi the circulation can, accord- 
ing to a law of hydrodynamics, under^ a clmnge only when vorti- 

of 

ces or eddies stray out/or into the zone enclosed with^^ the s 
line (Fig. 3). In this event, the increase o^. decrease in the 
circulatior is exactly equal to the sum of the circulation round 
about the vortices or eddies coming in or goirg out respectively, 
(one direction of rotation to be reckoned as positive, the oppo- 
site as negative) . We see, therefore, that the production of a 
circulation arouni a body surrounded by a fluid which hitherto 
has been at rest, is possible only when vortices or eddies arc 
formed siniiltaneously in the fluid. In an ideal fluid this, as 
the very definition implies, is an inqpossitoilitj^ since, of 
cojirse, the formation of vortices or eddies is ins"^.^^r&bly con- 
nected with loss of energy. We must tnereicr«i now tu?^n to those 
processes which cause the foroettion of vortices or eddies in 
actual fluids. 

If a fluid is set in motion by a difference in pressure aloi\8, 
a potential motion is produced, as in an ideal fluid. In actual 
fluids, however, owing to their viscosity, there are added, to 
the fore 38 of pressiire P (Fig. 7), shearing forces T, which 
impart a rotary motion to the parti jles of the ■'"'uid and thus 
produce eddies or vortices. Shearing forces of this kind appear 
r/hen the velocity increases at right angles to the direction of 
the xloxf. Inside the fluid the effect of these shearing forces 
is generally of no consequence, since the velocity variations 
are not very abrupt, luoreover, as we can prove, so long as the 
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current is of a potential nature^ tlie various sbearing forces ex- 
erted on a particle of fluid (T^ to in Fig. 7) counterbalam^o 
one another. On the other band, the effect of these forces is of 
supreme iiqportajace, trhen the current flows past a firm wall or 
surface. Then., within a thin layer, there Is a transition from 
the normal current velocity to sero velocity on the wall (Fig. 8)- 
• It is, therefore, in this, the so-called "aarginal layer," that 
the viscosity, which disti^iguishes actual from ideal fluids, 
plays an important paxt. In this layer nearly all those disturb- 
ances have their origin, which distinguish the flow of actual flu- 
ids from a piotential flow. f ax lE^apk ase twenty years ago, 
Prandtl called attention to the inportanco of the pirocesses going 
on within this marginal layer and demonstrated their effect by 
means of convincing ejqperiments* The following remarks follow 
closely the original arguments adduced by Prandtl. In our inr- 
quiries let us consider the flow around, a cylindrical body, 
which interests us in particular. Z&>st of the arguments, how- 
ever, apply aleo to bodies of other shapes. 

On the sides of the cylinder (above and "below in Fig. 4) 
the lines of fl.ow are more closely crowded together t'nan else- 
where. Here the velocity is the greatest and the pressui-e the 
smallest. In a potential flow the velocity is reduced awi the 
pressure increases again. The kinetic energy of the flujd p^^rti- 
cles enables them to penetrate into the region of hig-icr p 
sure. In this piocess, their velocity, under tho influence 
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increasing pressure, is retarded in precisely the si*me measure 
as expressed in ^'irnoulli's equation. Let us now consider a p'.r- 
ticle of the marginal layor. Its velocity is lower than that of 
the noraal flow outside this lay-r. Its kinetic energy is there- 
fore i^sittiicisnt to enable it to penetrate into the zone of 
higher pressure. It stops, before it gets there, and rovcrses 
the direction of its motion. However, since new aarginal layers 
are consieoitly flowing out of the sone of lower ^^ressure, more 
and more marginal-layer material c^radually accumalates in the 
region where the pressure is increasing. ' This marginal- layer 
material has two in^rtant properties: 

1. Its total energy (? + ^ v*) is less than that of the 

rest of the current. 

2. ltd individual particles are rotating. 

The subsequent stages in the development of the marginal 
layer accunulations are illustrated by Figs, 9 to 11 (according 
to experiments and pictures made by Prandtl in 1904, aixL by 
Rubaoh, at Prandtl' s institute in 1913-14). The marginal layer 
material is indicated by the stippled portions. When the mar- 
ginal layer material has become fairly thic3c, it is carried 
along by the current and finally passes away in the form of vor- 
tices; whereupon the whole process' is repeai.ed. The symmetry of 
the departing pairs of vortices is nox stabp.e and, consequently, 
one vortex gets ahead of its companion. Il^ce the subsequent 
formation of vortic'»8 is not symmetriofll, put takcc place alter- 
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liatuiy on tsc t^so sides- "Tfeis, iic sever, cics aot affect t'sLe fol- 
lo-sing iS7C8tigatlons. 

The VDTticcs ox addles constantly ccir.^ forscd --?c t^c cause 
of resistance or drag* 7e can undernxsM this fact '07 reg&xdizi3 
it frc!^ t«o different angles: 

1) Zn a systex Khers the fluid Is at rest and t-.e cyllLsder is 
:iovin2, in pcie ,lal rx)tioa tbs f i^-id ceriiai tie cyliader re- 
turns to its condition, "jf ^^erfect rest. OidLng to tic foraa- 
tion of Tcrtices, lio^ever, the fluid behind the cylinder is 
2n saotion and therefore possesses kinetic energy, wnich in- 
creases VI th each new yortex. this kinetic energy sist be 
created by the mxt done in coving the cylinler^ which is 
only poesibx3 by overcoming resistance. 

2) In front of and behind the cylinder the potential f lov is ex- 
actly syiaaetrical axsc. <sonseqaentlj the pressures on the front 
side arc exactly the sane as thooe on the corresponding 

points on the rear side The various pressures, therefore, 
counterbalance one another. On account of t;:.e foroation of 
vorticfcs, however, the pressure increase on the rear aids 
cannot attain its full strength. The pressure on the front 
side therefore exceeds tsat on the rear side. The differ- 
ent between these two is the resistance or dra? (to ^hich 
snist be aided the surface friction, which, however, in the 
case 01 « cylinder, is usually a negligible quantity). 
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Having uqw s'^en iow t':i^. foi-iation cf vurti^es beco2:€s intsl- 
lisible Kitii tsc cid of Frandtl's tiicorr of isarriiial larexR, we 
can return to the q-aestion of the ort^n of the lift, wnici we 
left a little while a^, just after arriving at the conclusion 
that lift is possible only ^aea vortices of correspondiTsg circa- 
l&tion stia? tiirou^ the 8 line aroolnd tlie cylinder (Fig. 3} • 
If we apply tlJLs na^i^cr of reasoning to tiie process illustrated 
in Figs- 9 to 11, we find that the saae xBU^cr of Toxticce flow 
I roc each side of the oyiindesv ^ince the sa^Et; preroqraisite con- 
ditions for the foxDation of vortices exist on ooth sides of the 
cylinder, excepting that the two sets of vortices rotate in oppo- 
site diro&tions. . If , therefore, a Tortex flowing f lom one side 
passes throuKh the s line at a given rate of circulation, it 
is countcrbalaxicdd by & correcposdling vertex coanating fzoa the 
opposite side, at the saae rate of circulation, Imt opposed to 
it in value (one being posit' 70 and the other negative). lu this 
T>ay, therefore, no circulation is produced around the cylinder, 
:7hich i& n3t surprising, since, for reasons cf sysaetry, no un- 
syaisetrical Torce, such as lift, can be expected. 

Conditions undergo a radical change, however, as soon as^we 
change the prerequisites for vortex foroation on both sides, 
such a char^ge is produced, for exajcple, when the obstacle is unr- 
nymaetrical. Typical examples are the weil-knonn profiles of 
airplane wings, can also paoduce this effect by causing the 
cylinder to revolve around itr xis. On the side where the 



KtA>C«A. technical ISonoraacxur Ko« 310 



31 



peripheral isotion of the cylinder is in t'ae dij^ection of the flov, 
no 3!&rginal layer at all, or only a very ssich thinner one, is 
lorxed. T2:is requires iBicb zx>re tice to accuaoilate to such an ex- 
tent, that it can flov off in the form of a vortex. On the oppo- 
site Gide the conditions are reversed. Here the isarginal layer 
is t.iickef and more vortices a.rc formed. «e now have an instance 
of Esore vortices flowing off the cylinder on one side thar on the 
other, in other nerds, an incicase in circulation around the cyl- 
inder, th*jLs producing a lifting force. 

So long as this process continues, tlie cirovilatioc and, con- 
sequently, the lifting force voi ld go on Incre^cicg; but this 
process i^ soon t:er£inated. Ctiisg to the f loving off of the vor- 
tices onlonly one side, the entire flov around the cyXiode? is 
charged. A circulation is started, vhlch affects the flov as 
illustrated in Fig. 6. The velocity on the uriper side has in- 
crear>*^, ^ile that on the lover side has decreased. The hi^er 
velocity, hovever, means the forsation of i&ore vorticss and vice 
versa. Th« circulation, thereforas, increases until this influ- 
ence counterbalances ^he effect of the rotation of the cylinder 
on the fonaation of vortices and unt^il an equal nunibor of equally 
strong vortices flov off the cylinder on both sides, althou^ nov 
in an unsyanctrical arrangeaent {Coieparc vitli Fl^. 12, dravn froa 
a picture taken by Prai^itl, coout 1910). If ve increase the ve- 
locity of rotation, both the circulation and the liftirig force 
arc increased by the one-sided forsavxon of vortices, until the 
balarxe ijj restored- 
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wfe ccin also picture the process as rclio^w. Tae thinner nar- 
ginal layer on one side causes the flo-' to adhore tc the cylinder 
longer on this side tht^n cn the ether. i?hen it do«33 flow off, it 
has alrc^y acquired, cn its upper aide, a velocity which cajases a 
strong domosard pressure. On th« lower side, the upward deviation 
of the current is nuch less pronounced, br.causc it i>arts coii9>any 
with the cylinder sooner. On the whole, there is consequently a 
downward deflection, i&ich pL3duces an upward reaction or lift* 

There is still a third TieiQMint, from which we can re^rd 
the prollem. is the fluid (i*e., the air) flows past the cyliur- 
der, its cross-sectica first contracted and then eiqpandod, mich 
like a tube with a constricted section in it. The process at the 
point, where the cross -se ;tion expands and where velocity is con- 
verted into pressure, is always attended by considerable losses, 
due tt9 the formation of vortices, e&pecially inien the expansion 
takes place rapidly, ^ich is the case t)n the r^r portion of the 
cylinder. On one side the beneficial effest of the expansion is 
greatly increased by the rotation of the cylinder, since fewer 
vortices are formed, and ccns'<r-xQitly there i<3 less loss of ener- 
gy. Let us imagine that in a wind tunnel there are two constric- 
tions side 0/ side, th/9 narrowest part of the constriction being 
exactly of the same diameter in both cases, the ^dening cf one 
being a gentle slope (a in Fig. L3) with correspondingly high 
efficiency; the other (b in Fig- 13) , abrupt, with poor ef rici- 
ency. The quantity of fluid (air) flowing through the opening a 
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with iiigb efficiency nill t>e greater than the quantity flowiiig 
through the other, since it meets with less resistance. On ac- 
count ox t:ie consequent greater velocity at the narrowest point 
of the constriction, the negative pressure will also he greater 
(Bernoulli's equation. Observe also the similarity of the middle 
partition to the cross-section of an airplane wing) . In a simi- 
le manner, in the case of our cylinder, the fluid (air) will 
flow w1.th greater velocity on the* side where the rotation reiiuces 
the loss of energy and where the negative pressure is ^eater. . 
This difference in pressure, however, generates a lifting force. 

the process has recently bcei^ represented as follows* Oir- 
ing to the rotation, the friction- is reduced on one side^s^oidy 
con^»equently, the fluid flows faster on that side. This explar- 
nation, however , is somewhat mi slewing, inasmuch as the surface 
friction dees not affect t-he f lo« j^lrcctly, but only in an in- 
direct way, by the fozoation of voxtlces. The forces produced 
by surface friction would be far too small to exercise such a 
fer-z caching influence on the flow. The surface friction pro- 
motes the formation of vortices, which, in their turn, thorou^- 
ly transform the nature of the flow diagram. 

All three ways of ei^lalning the problem lead to the saiae 
\jLltimate conclusion, that the flow is greatly influenced by the 
marginal layer. This influence is, hc^ever, diminished on one 
side and increased on the other by the rotation of the cylinder. 
As xo the magnitude of the lift to be expected from & given num- 
ber of revolutions. It is thus far iinpossible to say anything 
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definite on tne basis of this theory, since the aatheoatical cal- 
culatiop of tha forces produced by the separa.tion phenDsena} de- 
scribed qualitatively in ?randtl»s theory or marginal layers, is 
extremely difilcRilt. In this connection, I vould like to point 
out that, ^ the technical press, the circulation is sonietii»es 
stated,, on the basis of incorrect conceptions, to be equal to 
the peripheral velocity multiplied by the circumference of the 
cylinder, the 31ft being then cdculatcd from this product ac- 
cording to Schulaow6ky'2 formla. There is, hoiTCver, no justifi- 
cation for this purely arbitrary method. Ucreovcz, the figures 
obtained in this way do not agree «ith the experiocntal results.. 

Exporlaents 

The first ezperinents, as already mentioned, were made by " 
the Berlin physicist liagsus, in l853r They proved the exist- 
ence of the effect beyond all doubt, i7itho\xt, hoTFever, determin- 
ing its magnitude. The first aciTial quanti1.&ti7e meaisureiacnts 
T?ere probably made by the Frenchsa^ji Lftfa/, in 1912. These ex- 
periments appear to be practically unLnonn in Germany. Eng neer 
ACkeret was not aware of their existence un-til seme time after 
the conclusion of his own expcrifiients* Cit5l5 to circunstar.ces 
to which I shall refer later on, he fsae, hcFCPer, only able to 
produce lifting forces with a maxiarum Tralue tu eiy dcubXa that 
of a good airplane wing having a chord egiial to ths djameter of 
the cylinder. In aviation technics it is cusiioin&rv co dencjte 
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the properties o' a wing by the respective lift and drag coeffici- 
ents c^ and Cv> the lift being 

A = ca F I v«, 

and the drag 

W = c,, F I V=^ . 
The resultant force is 

In the above equations F denotes the greatest projection 
of the wing ^uiface, p the density of fluid ^air) and t 
the velocity. For a good wing the highest attainable Ca is 
about If 3 to 1.4. Unusual forms (slotted wings and very highly 
cambexsd wings) give values of np to about 2. Lafay obtained 
a maxinaim c^^ f 1*8 or c^ = 2.4. 

Br. Wieselsberger^ at the Aerodynamic Sxperimental Institute 
in Gottingen, belonging to the Kaiser Wixhelm Cociety, attenoted, 
during the first years after the war, to fathom the Magnus effect 
by taking estact measurements. These experiments came to nothing, 
owing to technical difficulties, and were then dr,-^pped, becausd 
Dr. Wieselsberger left the Institute* In 1923, an opportunity. 
^as afforded to carry out the experiments with much ii!5)roved 
means. Several small >»igh-specd motors of comparatively high 
efficiency had been built at the Gottingen Sxpcrimental Institute, 
to drive small propellers on airplane models suspeiacled in xhc 
wind tunnel for the purpose of taking mcacurerncnts,. which propel- 



n.A.C.A* Tcchnioal Mosxrandum Ho. 310 



16 



lers had to be driven under coxKiitioiis appro xiaiating actual con- 
ditions aa closely as possible. • These motors were hig^y suita- 
ble for driving a cylinder at higji speed in the investigation of 
tine Hagmis effect. The diameter of these motor??, in their pres- 
ent form, is 42 ram; length, about 180 mm; inaxiniim nussbcr of revo- 
lutions, 30,000 h.p.li.; about 1 E?. These motors arc now being 
built by the "Slektroschaltwerke A.G. " in oSttingen. For theo- 
retical reasons, already set forth, it iras to be expected that, 
in order to obtain a powerful effect, peripheral velocitiee.^ 
would be required amcanting to several times, the velocity of the 
wind. Now if the diameter of the cylinder and t-ie wiixi velocity 
rrerc to be kept within the limits desirable for technical rea- 
sons, it was obvious that the revolution raimbcrs xrotild have to 
be hi^. These new motors were, however, quite capable of sup- 
plying them. Engineer Acteret wade use of this favorable oppor- 
tunity to determine finally the Eagnitude of the ICa^s effect. 
The first expexiisental apparatus was very si^sple. There was a 
R0Z3le or funnel 200 x 200 mm* in cross-section (Figs. 14 and 
15) -with two wooden toiJLIs as extensions of the side walls of the 
funnel. - Between those too walls he fitted a cylinder 40 nmi in 
diameter, revolving on ball bearings and driven from outside 
the wells by one of the aforesaid high-speed motors* T?hen the 
air was blown out of the fiinnel against the cylinder at rest, it 
flowed away behind the cylinder in a practically horizontal di- 
rection. If, however, the cylinder was rotated (direction of 
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rotation as indicated in Fig. 14, witiv the lifting force dircot- 
ed doimwarl), the air ciixrsnt was civerted upicard (arrows, in Fig. 
14). How, since the deflection of the current required a force, 
which can he easily C2.1culated hy the lav of in^nlse and since 
this force can only have its orif^in in the cylinder, conclusions 
could he draim, as to the magnitude of this force ^ froci the an- 
gle of deflection (-.'hich %7as nearly 90 )- fiven this first crude 
experiment resulted in an unusually lar^e lift, about three times 

that of a sood airplane rring (-a - • There is no object in ^ 

giving the exact results of these preliminary experiments, as 
they were subsequently repeated Tlth improved apparatus, the re- 
suits being ^ven in Figs. 20 and 21. 

In order, however, to mnke q>^te sure that the detcnsination 
of the lift from the deflection did not lead to wrong conclus- 
ions, the Tiiole apparatus (tTalls, cylinder and motor) were in- 
G tailed on a platform belance in the big wind tunnel of 4 m? 
cross- section, at the Aerodynamic Experimental Institute, so that 
the lift could b-o measured. Here also the same largo lift val- 
ues wore obtained. 

These really rcniarkable results were still unsatisfactory, 
since the theory indicated the possibility of obtaining far 
greater lifting forces (Pr = 4 w = 12.6). Although it was to be 
expected, on account of disturbing influences connected with the 
formation of vortices f.nd other reasons, that the maximum could 
not be attained, yet the discrepancy was too ?:rcat to be ox--' 
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plained in this way. Prandtl therefore asliod himself uhat causes ^ 
might staad in the my of obtaining a greater lift. A cirefui in- 
vestigation of the course of the current, by suspending silk 
threads in it, showed that the lifti/^; force was confined chiefly 
to the middle portion of the cylinder. Prandtl explained this as 
follows: On the suction side of the cylinder there is an excep- 
tionally large negative pressure due to the unusually great lift- 
ing force (wTith c^ = 4 "T, p^j^j^ would be - 15 ^ v^; with 
Ca = 0, Pain would be .3 £ v*). At the ends of the cylinder, 
however, there is air_at ordinary pressure, which is drawn into 
the negative pressure zone (Fig- 16) and interferes with the pro- 
duction of Hie Uagnus effect, by having the same effect as a thick 
marginal layer (Compaxe the foregoing explanation of the produc- 
tion of the Ifiagnus effect}. 

The 7K>oden walls, used in the experiments, cannot prevent 
the flowing in of outside air, since the marginal layer on the 
surface of these walls is partly drawn inward toward the central 
portion of the c^'-linder and is partly separated irom the walls by 
the great differences in pressure, thus enabling the outside air 
to penetrate to the cylinder (Fig. 17). 

Having, to this exteat, obtained an insight into the oondi- 
tions governing the process, it became possible to devise means 
for effectually preventing the inflow of outside aiit Prandtl 
suggested putting disks on the ends of the cylinder, larger in 
diameter than the latter and revolving with it (Fig. 18). Owing 
to the rotary motion, the marginal layer of those disks is Lab- 
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^ect to appro xiaiiitely the sfcce conditione as tbe margiual layer 
on the gurface of the cylinder. Therefore, like th^ latter, it 
is not forced to eepcrate on the suction side, but is actur.lly 
driven out\iard by the centrifu^l force. 

The subsequent cxporinents, carried out with a cylinder fit- 
ted with terminal disks, fully ccnfiriaed ?randtl*s vicwd. The 
lift increased to c^ = 0 (cj. = 11). This figure so closely ap- 
proxiroates the theoretical maxiisiffi, that the difference is no ^ 
longer strange. 

The disturbance ol^the Uagnus effect, caused by the la*:sral 
inflow of air the absence of texminal disXs, beer- 3s all the 
move pronounced, the shorter t^e cylinder is for a given diame- 
ter. With very long cylinders, the disturbance is relatively 
small and the terminal disks are njt of such .^eat importance.. 
This also explains why, at Gottir.gen, we were able tc gex far 
better results than Lafay, even without disks, since the cylinder 
used by Lafay was shorter than ours* A aubsequont test, made 
with a cylinder such as used by Lafay, oonfirtwd his results. 
^ As the result of these experiments, the question of the 
Magnus effect had been practically solved, both by e3q)eriment and 
calculation. It only remained to repeat the experiments Ydth 
more erfect apparatus, in order to bring the results up to the 
high stardard of accuracy required by the Gottingen Tnstltuto- 
At this stage, Director /lettner learned of these results. At 
,that time he was working on the idea of replacincr the sails of a 
shjj jy rigfri wing-sliaped devices and was having experiments made 
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for this purpose at the Gottingen Aer 'dynamic Experimental .Insti- 
tute^ nth his resuirkable insight he immediately recognized the 
rs^ecial significance of these new results for lils purpose of re- 
placing the sails of ships by more suitsfclc devices. In tfc'^ great 
majority of cases, in which lifting forces are used technically, 
their production by means of the JIagnus effect isould require a 
v-3ry high revolution speed, involving, in its turn, such great 
technical difflcixlties, that ''he advantage sought vould be en- 
tirely wiped out. 

In ttc case of a sailing ship, tlio conditions are especially 
favorable. The wind '"-elocititss required to produce the Biaximum 
efflciaacy are not high (5 to 10 m/eeG>r) and consequently, the 
peripheral velocities also remain within moderate bounds^ (up to 
about 30 m/eoC'r). The cylinders are always several meters in di- 
ameter, so that, even the greatest peripheral velocity requires 
only moderate revolution speeds, which occasion no fear of disa- 
gre^ble resonance phenomena. On the other liand, the advantages 
are very great r Owing to the fact tadt the moxinuai lif ti g force 
with revolving cylinders is about thirty times as great ac the 
resistance or drag produced by non -revolving cylinderj? in a Tiiid 
of equal velocity, even the most violont gale blow-.-^ ^ ainst 
nc..-revolving Flettner rotors has vjl b»oto effect than a moderais 
wind revolving cylinder driven at a suitable nunibcr of revolu- 
tions. WhereaSy on an ordinary sailing ship, the forc^js mst be 
adapted to the velocity of the wind by setting or reefing the 
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sails, all t3iat is necessary on a roto':^ip is to adjust tie reF- 
olution speed '2j ceans of a Land-^beel or tvo* 

The exceptionally powerful liftiag forces obtained, by Aojcercc 
vere particularly valuable in this ooxi^iKitxcn. T'asj oxaabled tbe 
dt;sigser to keep the dimsnsions of tlie reTcl7icg '-overs (rotors) i^- 
iTithin sac^ moderate lioits, tbat they dc :^t e^uianger the sta- 
bility of the ship in a gale^ If, for instance, me 2iad been com- 
pelled to calculate tlie dimensions of the rotors on the basis of 
Lafay''8.mea8ureaent8». they ixnuld haVe had to be fire tines as 
large, vhich nciild probably haTe aade the vdiole thing iopossible. 
The ready adaptability to the force of the vind renders it possi-^ 
ble to utilize stronger vinds to a far great or extent than, is 
ieasible vlth ordinary sails* Vit^ the latter, one is alvays 
af r^ld -Siat it aay not be possible to fiorl the sails quiclcly 
enou£h, Xn the event of a gale brewing, and ooneeqaentTy does not 
always dare to set all the sail the ship si^kt be able to carry 
at the tide. 7ith a rotor ship ve can coiee aaiich closer to util- 
izing the saaxiouai pover. Another advantage is, that the effect 
of squalls oc the rotors is mch Isss prononncod than on sailc- 
1 itit the latter the force increases as the square of the vrlocity,/^ 
In the case of the TOtot_with increasing wind velocity asKi ua- 
chaR£:€d revolu'-ion speed, the ratio of the peripheral velocity to 
the wiai velocity decreases and the force diminishes with it, so 
that it does not increase according to the square of the velocit*^ 
but approximately ac the velocity. 
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The revolving upright cylinc-ers also p^^esent advantages f roic 
a navi^tion point oi view. W5.th careful calculc,tion is con roa 
closer to the wind than * ith an ostiinary cailiiig ship and aore- 
over, in tujrcing, me cam assiet the. naneuverix^ of the chip very 
easily anl cff ectivoly by seans of the ro^rs- Fox this purpose 
the direction oi rotation of either rotor can be reversoi- 

The great advantages cf revolvins cyllaiers led Flettner to 
pursue energetically his resclve to exploit the UagxBie effect for 
the iKfopulsion of sailing ships, notwithstanding the technical 
difficulties of construction. Further ejqperiaentc were carried 
out at Gotting^ with tte assietance of the Flettner Gukax^. 
By these e]q;eriuaits the peculiar properties of revolving cylin:- 
ders were ei^lored and determixisd wl^*-Btill greater accuracy 
than before. In these t^zp^riments the motor was fitted into the 
cylinder itself. The axTangeaent is shown in Fig. 19. The ends 
of the shaft projecting from the cylinder, or rather their ball- 
bearing, were connected by wires to th& r^ulaz wind-tumel bal- 
azLces* In this ray it was possible to measure not only the lift- 
ing force, but also the resistance or drag of the cyllziler and 
the power required to drive it. To enable the sieasurezents of 
the acnents to be s&de, the motor itself was also fitted 9> as to 
be able to revolve on the bearing at the extreme right in Fig. IS, 
and could be prevented from revolving only by i&edss of a lover 
adjoining the balance. Seme of the results obtained are shown in 
Figs. 2C and 21. Other experiments had to do with the action of 
the rotors on the ship. For this purpose, a model of the ship 
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u&b siadc* Tae rotois on tlie rx>del could be operated by bigb-speed 
uctors instcllel in the model* The whole ship with its Tevolvin3 
rotors was suspend^ by wires from the halance heaas* 

In addition to ti;58 sjq;»eriiBental vorlc, the first wcrkisg 
drawings :vere made at tingen for the rotors to he fitted on 
board the ship, these drawings being ultioately followed with but 
trifling alterations. In thi.i worlc wo rere supported by the ener- 
^*etic cooperation of engineer Oroseck, when the Flettner Goopany 
sent to Gottingen* The woric thus planned wslb then executed at 
the OerneiniA Ship Taxde at Ziel, which adalxably aolTed the many 
difficult protblems presented. One especially reaarkable achieve- 
ment deserves special mention; namely, that the zotation of the 
tovers (wiich are 2*8 m in diaaet^ and 15 m hi^ and revolve at 
the rate o.i 120 R.P.K*) produces practioally no nois6 nor vlbrar- 
tion- 

I hope the foregoing remarks may not only contribute toward 

a fuller understanding of the Hagmis effect, so mysterious to the ■ 

that 

average la3nBan, but may also show/ such rev olutionaxf advances in 
technical science can only gror, as it were, on soil which has 
been carefully prepared by long, scientific and practical prelim- 
inary work. How that we are enjoying the harvest, let us not for- 
get the seedtime, nor neglect to provide the means for facilitat- 
ing to the utsDOst the beneficent work of our scientific institu> 
tions. 

Translated in Office of 
Kaval Attache, Serlin* 
Revised by D« K. Miner, 
N. A« C. A • 
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Fig. 3 Diagram of circulsiticn 
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Fig. 4 Cylinder in parallel flowing 
non-viecoue fluid. 




Fig. 6 Tile flows in Figs, 4 & [> vec- 

torialy combined. The resultant 
flow produces a lift. 
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Figs. 7 18 




Fig. 7 PreseuTd and eaen-ring forces 
in a viscoiis fluid. 




Fig. e Volocity distrioution (or variation) 
near a wall (marginal layer). 
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Fig. 12 Stream lineo aod mar- 
ginal layer in the casa of a 
rotating cylinder, from a photc 
by Prajidti. 



U.A.C.A. Tociinical kaxoreuidum No. 510 Fige. 13.14 & io 




Figs. 14 & 15 Experiaental arrangen.ent 
for determining the magratucLe of the 
liagTxUS effect. 



K.A.C.A. Tccr.nicai Meiaorandum No. 310 



Figs. 16,17,18 &. 13 
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Fig. 16 Effect cf a iiigh negative pressure 
CI* the air next tc the cylinder. 



Fig. 17 Inflow rf neighboring air, in 
spite of fixed disks. 
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Fig. 18 Inflow of neighboring 
air prevented by rota- 
v,ing disks on ends of 
cylinder . 
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Fig, 19 Fxtating cyliFider with built-in icotor for the 
more accurate wind tunnel testa. 
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Fig. 30 Expor,, JGsults with a rotating cylinder, 
diameter 70 mm, length 330 ?an. Wind 
velocity ▼ = 11 m/sec. 




Fig, 31 Lift coefficients of a rotating cylinder 

of 7C mm diejneter and 330 mm length, with- 
out end disks and with end disks of 120 
and 40 mm diameter. 



